The microwave absorption characteristics of both powdered and rectangular blocks of an electrically conductive concrete were measured and compared to a normal Portland cement concrete in a multimode cavity. The variables investigated were: irradiation time, sample mass and incident power for the powdered samples and sample orientation, water additions and multiple irradiations for the block samples. The results were quantified in terms of the microwave absorption efficiency (η a ). The absorption efficiency of the electrically conductive concrete was significantly higher than the Portland cement control concrete. For both of the concretes, hot spot formation occurred in the vicinity of the corner of the block. For the electrically conductive concrete this phenomenon took place close to the surface and resulted in combustion of the carbon and disintegration of the concrete. For the normal Portland cement concrete, the hot spot formed below the surface where fracturing, degradation and melting occurred.
Introduction
Electrically conductive concretes are being considered for a number of applications such as: heating elements, electromagnetic shielding, cathodic protection and as sensors (Baldwin 1998; Gabbitas 1998; Chung 2004 ). In the electrically conductive concretes the conduction mechanism is primarily electronic while in the normal Portland cement concretes, the conduction mechanism is mainly ionic. As a result, the replacement of the aggregate by a dispersed conductive phase, such as carbon (Chen et al. 2004; GaO et al. 2004; Hou et al. 2007; Chang et al. 2010) or metallic particles (Paillere and Serrano 1978; Yehia and Tuan 1999; Lee and Wang 2010a; Lee and Wang 2010b) , results in significantly lower and appreciably more stable electrical resistivities for the electrically conductive concretes as compared to the Portland cement concretes. The mechanical properties of the electrically conductive concrete are similar to those of the normal Portland cement concrete, with comparable cement contents. The replacement of the conventional aggregate by the carbon results in a lower density concrete with reduced abrasion and wear resistances. Moreover, the presence of the carbon results in a grey colour, which makes the conductive concrete less aesthetically attractive.
The degree of interaction of the microwave radiation with a non-magnetic material, such as concrete, is primarily determined by the presence of mobile charge carriers or electric dipoles and the response can be described by the complex permittivity as follows:
where ε is the complex permittivity, ε' is the real part of the permittivity and is referred to as the dielectric constant; ε'' is the imaginary part of the permittivity and is called the loss factor; j is the imaginary component in the +j-axis direction ( 1 − ). Also, the complex permittivity can be defined in terms of the relative permittivities as follows: o ε ε (ε jε ) r r ′ ′′ = −
where ε o is the permittivity of free space or in vacuum; ε ' r and ε '' r are the relative real permittivity (or relative dielectric constant) and the relative imaginary permittivity or (relative dielectric loss), respectively. The loss tangent (tan δ) is defined as follows:
At ambient conditions, the water content in normal concrete is the most important factor affecting the permittivities, while in the conductive concrete the major factors are the conductivity and the connectivity of the particulates. In general, the permittivities increase with temperature. The ability of a non-magnetic material to interact with the incoming radiation is primarily determined by the presence of mobile charge carriers or electric diploes. Therefore, the ability of a material to shield against microwave radiation is mainly determined by the permittivities. A number of studies have been performed on the electromagnetic shielding properties of conductive concretes and related materials (Guan et al. 2006; Sandrolini et al.; Lee et al. 2008; Ogunsola et al. 2009 ). With regards to the microwave shielding effectiveness of concretes there is a paucity of information although a study has been performed on cement paste (Wittmann and Schlude 1975) . Portland cement concrete is not effective as an electromagnetic shield. However, the addition of either carbon (Saito et al. 1989; CaO and Chung 2003; Muthusamy and Chung 2010) or metallic particles (Shi and Chung 1995; Yang et al. 2002; Wen and Chung 2004) has been investigated as a means of improving the shielding effectiveness. In the majority of research work performed so far, the coaxial cable or transmission line method has been utilized to determine the attenuation of the electromagnetic radiation in the sample. However, this method has limitations with respect to the sample size and there is very little information in the literature regarding the interaction of microwaves with bulk concrete samples in a multimode cavity. Additionally, the effects of a number of variables such as sample orientation or multiple irradiations on the microwave absorption have not been studied in-depth. Furthermore, most studies have been performed at room temperature and there is a paucity of information on the effect of temperature on the microwave absorption characteristics and also the properties of the concretes.
In the present research, the microwave absorption characteristics of both powdered and relatively large block samples of both a Portland cement concrete (control) and an electrically conductive concrete were determined. The studies were performed in a multimode cavity in a 2kW microwave system. The effects of incident power, sample mass, sample orientation, water addition and multiple irradiations were studied. The results were quantified in terms of the microwave absorption efficiency (η a ). Additionally, since hot spot formation was observed for both the electrically conductive and the Portland cement concretes, this phenomenon was examined. Furthermore, a number of permittivity measurements were also performed in order to assist in the interpretation of the results.
Experimental

Materials characterization
Both the Portland cement concrete (control) and the electrically conductive concrete samples were prepared using the methods previously described by Pye et al. (2003) (OH) 2 ) was possibly detected. In the conductive concrete, the carbon replaces the dolomite as the major component in the aggregate. Also, some vaterite (CaCO 3 ) and aragonite (CaCO 3 ) were present in addition to calcite, while albite and microline were not detected. There was some silica and a trace of portlandite.
Microwave absorption studies
The microwave absorption characteristics of the concrete were determined using the microwave system shown in Fig. 1 . The major components of the system were: a control panel, a power supply, a magnetron, a circulator with a water supply, a dual directional coupler (DDC), a tuner and a multimode cavity containing the load (concrete sample). The power generator could be continuously varied from 0 to 1000 W and an air-cooled 2.45 GHz magnetron (3000 V DC) was employed. The microwaves travelled through a highly conductive rectangular hollow aluminum waveguide (WR 284). A circulator was included in the waveguide and this acted as a one-way valve and prevented any reflected microwaves from returning to the magnetron. The attached water-cooled load absorbed the reflected power and the energy was transferred to the cooling water. The rectangular multimode cavity or applicator (26 cm in height, 40 cm in width and 40 cm in length) was made out of mild steel. Adjusting the stub tuners minimized the reflected power, which permits optimization of the match between the microwave power and the sample. A dual directional coupler in the waveguide allowed continuous measurement of both the incident and the reflected microwave powers. In the absence of the concrete sample, the incident power (P i ) was equal to the reflected power (P r ). In the presence of the concrete sample, the absorbed power (P a ) was equal to the incident power (P i ) minus the reflected power (P r ). The microwave absorption efficiency (η a ) was calculated as follows:
Tests were performed on both the electrically conductive concrete and the Portland cement control concrete as rectangular blocks and also as powders. The rectangular concrete blocks had a mass of about 600 g and dimensions of 13 x 13 x 2.5 cm. Three different sample orientations were examined as shown in Fig. 2 and these are referred to as vertical and perpendicular (VPe), vertical and parallel (VPa) and horizontal (H). During the tests, the concrete block sample was placed on a SALI TM (80% Al 2 O 3 and 20% SiO 2 ) platform, which was essentially microwave transparent. The powdered samples were obtained by crushing and grinding the concretes to a particle size of -100 mesh, except for the coke, for which three particle sizes were studied, since these particle size ranges were utilized in the conductive concrete mix, as follows: coarse (-48+65 mesh), medium (-65+200 mesh) and fine (-200 mesh).
Thermal and thermogravimetric studies
To monitor the moisture and carbon dioxide losses of the concrete samples as the temperature increased under microwave irradiation, the mass loss of some samples were measured as a function of irradiation time for a given incident power. A diamond saw was utilized to section the larger rectangular concrete samples into smaller rectangles with a mass of about 22.5 g and dimensions of 3.4 x 3.1 x 1.7 cm. To determine the mass loss, a Mettler AT202 balance was positioned above the microwave unit and the mass loss data was acquired. The concrete sample was placed on a quartz sample support and suspended from the balance using a glass fiber harness. Both the quartz and the glass fiber are microwave transparent. After irradiation for the predetermined time and at the selected power level, the sample was removed from the microwave system and cooled to room temperature.
Since the temperature changes during microwave irradiation, the thermal behaviors of powdered samples of the concretes together with their powdered constituents were determined by measuring the internal sample temperatures. The powdered samples of the Portland cement control concrete and the electrically conductive concrete were obtained by crushing and grinding the concretes to a particle size of -100 mesh. Three particle size ranges were used for the coke constituent material: coarse (-48+65 mesh), medium (-65+200 mesh) and fine (-200 mesh). The powdered samples were placed in a cylindrical quartz crucible (37 mm (H), 28 mm (OD) and 25 mm (ID)) on the platform, at the center of the base of the cavity. After irradiation, the power was turned off and a thermocouple (Type-K) was placed in the center of the powdered sample. The maximum temperature reached was recorded and this was referred to as the bulk sample temperature.
Permittivity measurements
Under microwave irradiation, the temperature of the concrete increases and as a result, both the real and the imaginary permittivities change. In order to investigate the effects of multiple irradiations on the permittivities of the concrete, results are presented for the concretes during thermal cycling, i. e. heating plus cooling. The concrete samples were core-drilled from the bulk solid using water as a lubricant and dried at about 373 K. The sample dimensions were about 3.5 mm in diameter, 12 mm in length and had a mass of about 0.2 g. For the permittivity measurements, the samples were heated at a rate of 5 K/min up to a temperature of about 1200 K in an air atmosphere. The real and the imaginary permittivities were measured using the cavity perturbation technique (Hutcheon et al. 1992) . Figure 3 compares the microwave heating behaviors of the powdered control and electrically conductive concretes as a function of irradiation time for a sample mass of 30 g and an incident power of 400 W. It can be seen that the electrically conductive concrete heats more rapidly than the normal concrete and significantly higher temperatures are attained for relatively short irradiation times. In general, this reflects the higher conductivities and the higher permittivities of the electrically conductive concrete in comparison to the control concrete. A significant observation for the electrically conductive conductive concrete is the extremely rapid heating after about 200 seconds. This is indicative of the phenomenon known as thermal runaway, which results from the exponential increase in the permittivities, and can lead to hot spot formation (Kriegsman 1992; Parris and Menkre 1997; Wu et al. 2002) . Figure 4 shows the microwave absorption characteristics of the constituents of the control concrete and the electrically conductive concrete at a mass of 30 g and an irradiation time of 300 seconds as a function of incident power. Also included in Fig. 4 are the results for the control and the electrically conductive concretes. It can be seen that the absorption efficiencies of the limestone aggregate, the Portland cement and the control concrete are low. On the other hand, the coke breeze exhibits extremely high microwave absorption efficiencies. The absorption efficiency increases with decreasing particle size as the bulk density increases. The electrically conductive concrete has absorption efficiencies significantly higher than the control concrete. Figure 5 reports the effect of irradiation time on the microwave absorption efficiency for various sample masses, ranging from 20 to 40 g, for both the control and the electrically conductive concretes. Generally, the microwave absorption increases with both irradiation time and sample mass. The effect of irradiation time on the microwave absorption can be explained in terms of the increasing sample temperature and as a result, an increase in the permittivities. The influence of sample mass on the microwave absorption can be explained in terms of two factors. Firstly, the microwave absorption increases with increasing sample mass, due to the volumetric heating characteristic of microwaves. Secondly, increasing the sample mass reduces the heat loss, because the surface area to volume ratio decreases, and the diffusion distances for heat conduction increase. As a result, higher temperatures are achieved, resulting in higher permittivities and increased absorption. For the two concretes, at low sample masses, the microwave absorption increases slowly with irradiation time. However, for the higher sample masses, the effect of time becomes more significant. For low times, a slight trough was observed in the absorption efficiency, attributed to the removal of some free water at low temperatures. For the control concrete, the temperature increase is modest with irradiation time; consequently the permittivities and the microwave absorption efficiency increase only slightly. For the electrically conductive concrete, the increase in temperature with time is more significant and this is reflected in increases in the permittivities and the microwave absorption efficiencies. For the electrically conductive concrete, at sample masses of over 27.5 g, there was a peak in the absorption efficiency at extended irradiation times and this peak shifted to shorter times as the sample mass increased. Figure 6 shows plots of the microwave absorption efficiency as a function of irradiation time at various power levels for both the control and the conductive concretes. Generally, it can be seen that the absorption efficiency increased with increasing power. Quantitatively, the microwave power absorbed per unit volume (P A ) can be defined by the following equation:
Results and discussion
Powdered samples
where f is the frequency of the microwave field; ε o is the permittivity of free space or in vacuum, ε '' r is the relative imaginary permittivity or (relative dielectric loss), and |E| is the absolute value of the induced electric field strength. For a given geometry, increasing the input power increases the electric field intensity (E(z)) and thus according to Equation (5) the absorbed power would increase. Additionally, the power absorption increases with increasing frequency of the microwave field and with imaginary permittivity. The general characteristics of the curves in Fig. 6 are similar for both the control and the electrically conductive concretes, but the values of the absorption efficiency and the rate of increase of the absorption efficiency are significantly higher for the electrically conductive concrete than for the control concrete. At low irradiation times there is a slight decrease in the microwave absorption efficiency, most likely due to the removal of some relatively free water as the sample temperature increases. Subsequently, the microwave absorption increases as both the sample temperature and the permittivities increase. For the electrically conductive concrete at power levels of 350 W and above there was a peak in the absorption efficiency at extended irradiation times and this peak shifted to lower times as the incident power increased.
Rectangular block samples
For the rectangular block samples under microwave irradiation, higher heating rates can be observed in the vicinity of the corners. When the dimensions of the sample are smaller than the wavelength of the radiation, then field bending can give rise to a localized concentration of the electric field and hot spots can develop. The interaction of microwaves with a rectangular block in a multimode cavity is a complex phenomenon, however some studies have shown that edge-weighted heating occurs under all conditions and in some cases heating adjacent to the corners is favoured (Pearce et al. 1988 ; 
Roussy and Pearce 1993).
For the control concrete, a hot spot formed in the proximity of the corner, below the surface. As would be expected, the hot spot caused localized high water vapour pressures, resulting in fracturing and ultimately detachment of the corner. The hot spot is shown in Fig. 7 and three distinct regions are visible. X-Ray Diffraction studies showed that the lighter material, which consists of calcium and magnesium oxides ((Ca,Mg),O), was decomposed aggregate. The darker material was overheated mortar paste and there is some evidence of sintering. There is also another region of fused material, which was high in silica. For the electrically conductive concrete, again the hot spot developed in the proximity of the corner, but in contrast to the control concrete, the hot spot was closer to the surface and along the edge. The high temperatures in the hot spot caused oxidation of the carbon and subsequent disintegration of the concrete. The thermogravimetric analysis results for the electrically conductive concrete samples are shown in Fig. 8 , where it can be seen that the combustion of the carbon proceeds at about 350 W. Thus, the peaks in the absorption efficiency plots at 350 W and above, as shown in Figs. 5 and 6, can be attributed to the localized combustion of carbon, which results in increased temperatures and permittivities and thus more rapid microwave absorption. As the carbon is consumed, the temperature decreases and the absorption decreases. Subsequently, hot spot formation is no longer favoured, the microwaves are absorbed more uniformly and both the temperature and the absorption increase continuously with the incident microwave power.
An X-Ray Diffraction pattern of the material in the hot spot from the conductive concrete showed the presence of quartz (SiO 2 ), gehlenite (Ca 2 (Al(Al,Si)O 7 )), anhydrite (CaSO 4 ) and dicalcium silicate (2CaO·SiO 2 ). The sulphur arises from the coke breeze and the silica and alumina are the major components in the ash of the coke breeze. A similar X-Ray Diffraction pattern was obtained by heating the electrically conductive concrete in air to 1173 K in a conventional resistance furnace. A comparison of these results with the X-Ray Diffraction pattern of the as-received conductive concrete showed that the concrete was dewatered, decarbonated and the carbon was combusted. Figure 9 shows an SEM micrograph of the conductive concrete sample in the vicinity of the hot spot. Some coke particles overheated, became plastic and exuded above the concrete surface. This resulted in debonding of the coke particle from the cement paste with subsequent formation of both macro and microcracks.
The difference in behavior of the control concrete and the electrically conductive concrete with regards to hot spot formation, can be explained in terms of the penetration depth (D p ). The half-power penetration depth (D hp ) can be calculated from the permittivities and is defined as follows: Plots of the half-power penetration depth for the control and the electrically conductive concretes are given in Figs 10(a) and (b) at 912 MHz and 2466 MHz, respectively. The penetration depth in the control concrete is considerably higher than the electrically conductive concrete. Therefore, for the electrically conductive concrete, where the half-power penetration depth is only millimeters, the majority of the microwave energy will be absorbed close to the surface and as a result hot spot formation occurs at that location. On the other hand, for the control concrete, the half-power penetration depth is hundreds of millimeters and the hot spot forms at a considerable depth below the surface. The penetration depth increases with decreasing frequency as predicted by Equation (6).
The effects of the orientation of the sample with regards to the waveguide (see Fig. 2 ) on the microwave absorption characteristics of the conductive concrete are shown in Fig. 11 . The vertical sample, which is perpendicular to the waveguide (VPe), provides the highest surface area to the incident microwaves but has lower absorption values than the sample parallel to the waveguide (VPa) after the hot spot formation. For the sample parallel to the waveguide (VPa), the absorption is more dependent on the microwaves reflected from the wall and this leads to more reinforcement at the corners and more intense hot spots. The lowest absorption was observed for the horizontal position (H), where the majority of microwaves absorbed are those reflected from the wall. Additionally, the low profile of this sample in the cavity resulted in increased reflection of microwaves from the surface and the absorption efficiency decreased with increasing incident power. The interaction of microwaves with a rectangular slab in a multimode cavity is a complex phenomenon. The effects of load and geometry are not completely understood and other researchers (Pearce et al. 1988; Roussy and Pearce 1993) have similarly found that the highest absorption may not occur at an angle of 90 o or VPe in this case. The effect of moisture content on the absorption characteristics of the electrically conductive concrete was investigated by comparing the absorption efficiencies of the electrically conductive concrete at ambient conditions with electrically conductive concrete that was saturated with water (10.8% water). In the normal Portland cement concrete at ambient conditions, the major contributor to resistivity is ionic conduction in the pore water and the conductivities and the permittivities increase with moisture content. On the other hand, for the electrically conductive concrete under ambient conditions, the resistivity is mainly determined by the conductivity of the particulates and the percolation path through the sample. It has been shown previously by Lee and Wang (2010a) that the resistivity of dry electrically conductive concrete is lower than that of wet electrically conductive concrete. Electrically conductive concrete has pores in the cement and also in the carbonaceous particles. In saturated electrically conductive concrete, the conductivity is higher due to the additional contribution of some ionic conduction. As a result, as shown in Fig. 12 , the microwave absorption efficiency of the saturated electrically conductive concrete is higher than the dry electrically conductive concrete. However, there are some noteworthy differences. As discussed previously, for the electrically conductive concrete, there is a peak in the absorption efficiency at about 350 W under ambient conditions, due to the formation of a hot spot and subsequently the hot spot diminishes and the absorption increases continuously with increasing power. For the case of the water saturated electrically conductive concrete sample, the absorption efficiency is significantly higher at lower power. Additionally, at about 200 W there is a decrease in the absorption efficiency and this decrease is likely due to dewatering. There was no evidence of hot spot formation. Thereafter, the absorption efficiency increased at a rate, which was similar to the dry electrically conductive concrete, but levelled off earlier as one hundred percent absorption was approached. These results would indicate that the presence of considerable initial moisture in the electrically conductive concrete favours higher microwave absorption and even after considerable dewatering, the absorption remains higher than the ambient electrically conductive concrete. This reflects the fact that the presence of the water leads not only to more uniform initial absorption but also a more uniform and more rapid increase in temperature. Thus, higher absorption values are observed for the saturated electrically conductive concrete even after all of the water has been removed. Figure 13 shows the effect of multiple irradiations on the microwave absorption characteristics of both the control and the electrically conductive concretes. The absorption efficiency of the control concrete decreased with radiation cycling. Conversely, for the electrically conductive concrete the absorption efficiency increased with the number of cycles. Since the irradiation process results in an increase in the temperature of the concrete, permittivity measurements were performed in order to determine the changes in the permittivities as a result of the thermal treatment. Figures 14 (a) and (b) show the real and the imaginary permittivities, respectively, of the control concrete during a heating and cooling cycle. For the control concrete, both the real and imaginary permittivities are lower after one thermal cycle. The real permittivity is reduced by about fifty percent while the imaginary permittivity is reduced by about an order of magnitude. Thermal processing results in the decomposition of the aggregate and also the Ca-C-O-H phases and the permittivities of both magnesium and calcium carbonate are lower after decomposition (Evans and Hamlyn 1998) . This was attributed to the loss of the electronic polarization contribution of the carbonate ion and also the decrease in polarization due to the restriction in ionic polarization of the resulting close packed cubic metal oxide. The decrease in the imaginary permittivity was more than that of the real permittivity. The permittivity measurements for the electrically conductive concrete are shown in Fig. 15(a) and (b) . In general, the real permittivities were higher during cooling than during heating, but the room temperature values were comparable. Similarly, the imaginary permittivity values were higher during cooling than heating. However, at room temperature the imaginary permittivity after the thermal cycle was almost double that of the initial room temperature value. These results are consistent with previous research on the changes in resistivity during the heating of coals (Davis and Anvil 1935) , which demonstrate that, in general, the electrical conductivities and the permittivities of carbonaceous materials increase with the temperature of the thermal treatment.
Conclusions
The microwave absorption efficiencies of both a Portland cement concrete (control) and an electrically conductive concrete were measured in a multimode cavity. Both powdered and relatively large rectangular block samples were studied. For the powdered samples, the microwave absorption efficiencies increased with, irradiation time, sample mass and incident power. These results were interpreted in terms of the effect of temperature on the permittivities, the volumetric heating characteristics of microwaves and the microwave power absorbed per unit volume (P A ). The microwave absorption efficiency of the electrically conductive concrete was significantly higher than the Portland cement control concrete, due to the presence of the coke particles. A peak was observed in the microwave absorption curve for the electrically conductive concrete at high sample masses and incident powers. This peak was explained in terms of thermal runaway, hot spot formation and combustion of the carbon. For the rectangular block samples, hot spots formed in the vicinity of the corners. In the case of the Portland cement concrete, the hot spot formed below the surface. Overheating of the concrete resulted in the decomposition of the aggregate, melting and fracturing. On the other hand, for the electrically conductive concrete, the hot spot again formed adjacent to the corner but close to the surface. As a result of the overheating, the coke exuded above the surface, fracturing was observed and combustion occurred. The differing behaviours of the two concretes were explained in terms of the lower penetration depth of the electrically conductive concrete as compared to the Portland cement control concrete. For the electrically conductive concrete, sample orientation had a significant effect on the microwave absorption, with the highest absorption efficiencies being observed for the microwaves parallel to the face of the block. The addition of water to the electrically conductive concrete resulted in a pronounced increase in the heating rate, more uniform heating and hot spots were not observed. In contrast to the Portland cement control concrete, cycling of the electrically conductive concrete through multiple irradiations caused the absorption efficiency to increase and this was attributed to the thermal treatment of the carbonaceous matter and the associated increases in the permittivities. 
